The effects of three-dimensional (3-D) culture and cyclic stretch stimulation on the expression of contractile proteins were investigated in freshly isolated rat aortic smooth muscle cells (FSMC). Primary cells were cultured statically on cell culture dishes (two-dimensional (2-D) culture) or in type I collagen gel matrix (3-D culture). Changes in their expression level of actin filaments (AFs) and smooth muscle myosin heavy chain (SM-MHC) were measured quantitatively using an accurately-calibrated fluorescent microscopy. The expression of AFs and SM-MHC decreased in both cultures in their early stages. Cell morphology was quite different between the two cultures: the cells had a flattened and irregular shape in the 2-D culture, while they had a fusiform shape with a well-defined long axis in the 3-D. Nineteen-day culture in the gel significantly increased the expression levels of AFs and SM-MHC while the expression levels remained low in the 2-D. Further and early increase in the expression levels was observed in the cells cultured in the gel with cyclic stretch of ~8% amplitude and 1 Hz frequency. The cyclic stretch also induced alignment of FSMCs in the gel parallel to the stretch direction, and the cell alignment was observed earlier than the increase in their contractile proteins. These results indicate that the 3-D culture in collagen gel may increase the expression level of contractile proteins in FSMCs while maintaining their fusiform morphology, and cyclic stretch may efficiently increase the expression levels when the cells aligned in the stretch direction.
Introduction
Aortic smooth muscle cells (SMCs), one of the main components of arterial walls, not only regulate contraction and dilation of the walls, but also actively remodel arterial wall in which they reside through biochemical signals from endothelial cells as well as mechanical signals applied to themselves (1) (2) (3) (4) (5) . It is also suggested that they may control the stress and strain distribution in the wall (6) .
It is well known that SMCs have two phenotypes, contractile and synthetic (7) . Contractile
SMCs are spindle-shaped in the normal arterial walls and are abundant in myofilaments mainly composed of actin and myosin, and poor in organelles. They contract in response to mechanical and hormonal stimuli, have little synthetic ability, and seldom proliferate. Under pathological conditions such as in atherogenesis, SMCs undergo phenotypic change from contractile state to synthetic state. Synthetic cells actively proliferate, and have few contractile filaments but large amounts of synthetic organelles. A similar change in cell phenotype is observed when SMCs are removed from native aortic tissue and placed in culture condition. In order to understand normal smooth muscle physiology as well as smooth muscle pathophysiology in diseases such as hypertension, diabetes, and atherosclerosis, clarification of the mechanism of their phenotypic change is important. For this purpose, several studies have been reported. SMCs cultured in serum-free medium supplemented with survival factors such as insulin, transferrin and ascorbic acid increased expression of smooth muscle contractile proteins such as smooth muscle α-actin and smooth muscle myosin (8, 9) . The effects of extracellular matrix (ECM) components on the phenotypic modulation of SMCs have also been investigated. SMCs cultured on dishes coated with laminin plus collagen type IV reduced their proliferation and expressed smooth muscle α-actin at higher levels (10) , whereas their proliferation were promoted on type I collagen as well as on fibronectin (11, 12) . However, these studies focused only on the effect of biochemical factors, and most of them used conventional two-dimensional (2-D) culture condition. SMCs in artery walls are surrounded by three-dimensional (3-D) ECMs and exposed to cyclic tensile stress as a result of the pulse pressure produced by heart that causes cyclic distention of the arterial wall. The magnitude and direction of these stress transmitted from ECMs to SMCs may be altered in vascular diseases. These 3-D mechanical factors may play crucial roles in governing SMC function and phenotype. Cells in 3-D culture were surrounded by ECMs and tethered in all direction whereas cells adhering on 2-D substrates were connected and constrained only in their basal side. The difference also may affect cell functions. However, how these force applied to the cells, and difference between 3-D and 2-D culture exert their effects on cells remains unclear. Moreover, most of the experimental studies used dedifferentiated synthetic SMCs as the test model, and focused on change in the contractile markers. It has been reported that proliferation of SMC depends on their initial phenotype: contractile SMCs proliferate under mechanical strain, while synthetic cells do not (13) . This indicates that mechanosensitive response of SMCs depends on their initial phenotype. In this study, freshly isolated aortic smooth muscle cells (FSMC) were used as the test model. They were statically cultured on the conventional cell culture dishes (2-D culture) or in the type I collagen gel matrix (3-D culture) for 19 days, and changes in the expression level of their contractile proteins were measured using accurately-calibrated fluorescent microscopy. The cyclic stretch of ~8% amplitude and 1 Hz frequency was used as the mechanical stimulation to FSMCs in the 3-D gel matrix for 6 days. Changes in their orientation and the expression level of contractile proteins were determined. Using these approaches, effects of three-dimensional culture and cyclic stretch stimulation on expression of contractile proteins in FSMCs were investigated.
Materials and Methods

Preparation of freshly isolated smooth muscle cells (FSMCs)
All animal experiments and treatments were approved by the Committee on Animal Experimentation of Nagoya Institute of Technology and were carried out in accordance with the Guide for Animal Experimentation. Male Wistar rats (7-11 weeks of age) were killed by suffocation in a CO 2 chamber before their thoracic aortas were quickly excised. FSMCs were isolated from aortic tissue by enzymatic digestion, which is a slight modification of Chamley et al. (14) . Briefly, the excised aortas were placed in a phosphate buffered saline (PBS, Nissui) and loose connective tissues were removed from their surface. The aortas were then cut into tubular segments, whose lengths were ~5 mm. Each segment was then placed in a 3 ml Dulbecco's Modified Eagle's medium (DMEM, Sigma) at 37ºC containing ~450 U of collagenase (Type III, Worthington Biochemical) and 2 U of elastase (Type I, Sigma), and gently shaken at a rate of 60 cycles/min for 1.5 h. The adventitia of the aortic tissue was separated by pipetting and removed using a pair of forceps. The remaining tissue was placed into 2 ml of the fresh DMEM without the enzymes and shaken again for 0.5-1 h to yield an FSMC suspension. The cell suspension was filtered by a cell strainer (40 µm Nylon, BD Falcon) to remove excess tissue, and diluted to ~10 times in the DMEM supplemented with 10% fetal bovine serum (FBS, JRH Bioscience) and 1% Penicillin-Streptomycin (Gibco).
Cell culture
In three-dimensional (3-D) culture, primary FSMCs were cultured in a type I collagen gel matrix in an elastic cell culture chamber for application of cyclic stretch. The chamber consisted of a 10-mm-thick rectangular silicone rubber frame (23 × 44 mm and 20 × 20 mm for outside and inside dimensions, respectively) and 0.1-mm-thick silicone rubber sheet (23 × 44 mm) on the bottom of the frame. Velcro anchors were attached on a pair of inside walls of the chamber to avoid detachment the gels from the walls (Fig. 1) . We confirmed that the gels remained attached to the all walls and bottom surface of the chambers during cyclic stretch. The silicone rubber sheet was treated with 5 N sulfuric acid for 1 hour to make its surface hydrophilic, and washed with sterile distilled water. In order to make a collagen gel matrix, seven volumes of 0.3% Cellmatrix type I-A solution (Nitta Gelatin, Inc.) were mixed with two volumes of the concentrated DMEM (×5) and one volumes of reconstituted buffer (4.77 g Hepes and 2.2 g NaHCO 3 in 100 ml of 0.05N NaOH), and kept at ~4ºC. Then the FSMCs were added into the mixed collagen solution. The 1.2 ml aliquots of the solution containing FSMCs (~2×10 5 cells) were placed into the chamber and immediately incubated at 37ºC for 1 hour to allow gel formation. After the gel solidification, 2 ml of DMEM supplemented with 10% FBS were added into the chamber, and incubated in a CO 2 incubator at 37ºC in 5% CO 2 and 95% air. The culture medium was changed every day. The thickness of the gel in the chamber was 2-3 mm. The mechanical properties of the collagen gel in the preheated DMEM (37ºC) were measured with a conventional compression tester (EZ Test, Shimadzu, Japan) under ~10% compressive strain, and their elastic modulus were estimated to be 2.6 ± 0.5 kPa (mean ± SD, n=5). FSMCs were also primary cultured in conventional cell culture dishes (φ60 mm, Sumitomo Bakelite, Japan) in the 2-D condition for comparison.
Application of cyclic stretch for FSMCs in the collagen gel
FSMCs were precultured statically in the collagen gel for 4 days, and then stretched cyclically for 6 days with a frequency of 1 Hz by using a commercial cell stretching apparatus (NS-300, Strex, Japan) in the CO 2 incubator (Fig. 1) . The silicone sheet of the chamber was stretched cyclically by 10%. This caused deformation of the gel not only in the stretch (x) direction but also in the transversal horizontal (y) direction and in the vertical (z) direction due to Poisson effect. The strains of the center part of gel (~10 mm square) were measured by tracking microbeads embedded in the gel to find that the actual strain in the gels was 8.2 ± 2.2% (mean ± SD, n=8) in longitudinal direction, -0.9 ± 3.0% in the transverse direction, and -1.9 ± 4.0% in the vertical direction. All cells in the gels were cultured in the DMEM supplemented with 10% FBS, and the medium was changes every day during the experiment. 
Immunofluorescence staining of AFs and SM-MHC
After the experiment, major proteins constituting the smooth muscle contractile apparatus, AFs and SM-MHC, were stained as follows: Cells in the 3-D culture were isolated from the collagen gels by enzymatic digestion. Briefly, the center part of each gel (~10 mm square) was cut and detached from the chamber and then placed in a 4 ml Hanks' balanced salt solution at 37ºC containing 100 U of the collagenase, and gently shaken at a rate of 60 cycles/min for 1 hour at 37ºC to yield cell suspension. The suspension was then filtered by the cell strainer, and placed in a glass-bottomed cultured dish (No. 0, Matsunami, Japan) coated with poly-D-lysine (Sigma). The cells in 2-D culture were detached from the dishes with trypsinization. Then, the isolated cells in the both groups were fixed with a phosphate buffered saline (PBS, Nissui, Japan) containing 3.7% formaldehyde for 5 min, permeabilized with PBS containing 0.5% Triton X-100 (ICN Biomedicals, USA) for 5 min, and rinsed with PBS containing 0.1% bovine serum albumin (BSA) to block nonspecific protein binding. For AF staining, the cells were incubated for 30 min at room temperature with Alexa Fluor 546-conjugated phalloidin (Molecular Probes; ~200 nM). For SM-MHC staining, the fixed and permeabilized cells were incubated for 30 min at 37ºC with SM-1 and SM-2 isoforms of SM-MHC antibody (Lab Vision Corporation; 2 µg/ml) in PBS containing 1% bovine serum albumin. After washing, the cells were incubated for 30 min at room temperature with Alexa Fluor 488-conjugated secondary antibody (Molecular Probes; 1:200).
Estimation of expression of AFs and SM-MHC using accurately-calibrated fluorescent microscopy
To estimate the expression of intracellular AFs and SM-MHC, their fluorescence intensity was measured accurately using the following method. The stained cells in the dishes prepared in the Section 2.4 were set on the stage of an inverted fluorescent microscope equipped with a differential interference contrast (DIC) optical system (TE2000E, Nikon). The DIC images of cells and fluorescence images of their AFs (excitation at 510-560 nm, emission at >590 nm) and SM-MHC (excitation at 465-495 nm, emission at 515-555 nm) were obtained in the same cell under an oil-immersion objective (60×, NA=1.40) and recorded in a personal computer. In order to obtain these fluorescent images, we used conventional fluorescent microscope with a mercury lamp and used a cooled digital CCD camera (ORCA-ER, Hamamatsu Photonics), which had sufficient sensitivity to detect weak fluorescence signals than our confocal laser scanning microscope. A light intensity of the mercury lamp of the microscope was adjusted with fluorescent calibration beads for flow cytometry (Peak Flow Orange flow cytometry reference beads, 6 µm, Molecular Probes): we measured fluorescence intensity of the calibration beads and adjusted the light intensity by tuning the position of the lamp bulb to set the intensity of the beads roughly equal (within an error of 7%) among experiments. Fluorescence intensities of cells were then normalized with the intensity of the beads as described later. Optical components of the microscope, such as filters and iris diaphragms were kept under the same condition during the measurements. The fluorescence images of AFs and SM-MHC in the cells were taken as 12-bit (0-4095) and 10-bit (0-1023) digital images, respectively. These image slices were collected in the range of the thickness of the isolated cells (~25 µm) at a 1-µm interval, and reconstructed to a plane image using the maximum intensity projection method with an image analysis software (MetaMorph Ver6.0, Universal Imaging) (Fig. 2a) . In a preliminary analysis, we reconstructed the plane image with an integration of the slices that seemed to be a better idea to obtain mean fluorescent intensity of a cell, and found that the image contains too much noises due to focal blur in each slice. Thus we used the maximum intensity projection method. The cell outline was traced in DIC images manually and the average fluorescence intensity of AFs and SM-MHC within the outline of the cells was measured in the reconstructed fluorescence images. Then it was normalized with that of the calibration beads obtained by the same procedure. We used these normalized average fluorescent intensity as indices of the intracellular expression of AFs and SM-MHC. In a preliminary study, we confirmed that the normalized fluorescence intensity of AFs and SM-MHC obtained with this method were significantly higher in FSMCs than that in cultured SMCs with medium containing 10% FBS on the conventional culture dishes (Fig.  2b) . We also measured the projected cell area A and the shape index S.I. = 4πA/(cell perimeter)
2 . The S.I. is defined as 1.0 for a circle and approaches zero for highly elongated
shape. There were no significant correlation between the normalized fluorescence intensity and A, and S.I., respectively, indicating that the effects of morphological difference of the cell on the normalized fluorescence intensity was negligible. Thus, we used this method to estimate the expression of the intracellular contractile proteins. (a) (b)
Measurement of cell orientation in collagen gel after cyclic stretching
Changes in the orientation of FSMCs cultured in the cyclically-stretched collagen gel were investigated by staining the cells for AFs as follows: gels containing FSMCs were fixed with PBS containing 3.7% formaldehyde for 8 h, permeabilized with PBS containing 0.5% Triton X-100 for 1.5 h. Then the gels were incubated overnight at room temperature with Alexa Fluor 488-conjugated phalloidin (Molecular Probes; ~200 nM). The 3-D morphology of the cells in the gels were observed with a confocal laser scanning microscope (C1, Nikon). In a preliminary study, we investigated effects of gel surface on cell alignment. SMCs cultured in the collagen for 1 day aligned randomly in the region >300 µm away from the bottom of the chambers. Thus we decided that the surface effect was negligibly-small in the region >500 µm away from the gel surface. We also found that the cells cultured in the gel for >3 days aligned parallel to the bottom of the culture chambers (X-Y plane) both in static-cultured and cyclically-stretched gels. Thus, we measured the angle of cell orientation in X-Y plane θ xy (0-90º) with reference to stretch direction using phase contrast images of the living cells in the central part of the gels (>500 µm far from the top and bottom planes of the gels) and investigated the changes in their orientation during cyclic stretching ( Fig. 3) : We traced the cell outline in the images manually and measured the angle between the major axis direction of the cells and the direction of stretch using the image analysis software. 
Statistical analysis
Data are expressed as mean ± SD. Differences were analyzed by the Student's unpaired t-test and were considered significant when P < 0.05. Figure 4 shows typical examples of the changes in the morphology of primary FSMCs in 2-D culture(a-d) and in 3-D culture (e-h). In 2-D culture, 70-80% of the cells adhered to the dishes at day 1 (Fig. 4a) , and the majority of them looked flattened and rectangular in shape at day 4 (b). They then proliferated, contacted each other in all directions, and gradually elongated with culture time (c, d). In contrast, the cells in the 3-D culture was still round in shape at day 1 (e). They then elongated by day 4, had a fusiform shape like SMCs in vivo, and looked connected to each other at both ends (f-h).
Results
The A and S.I. of FSMCs isolated from 2-D and 3-D culture condition were summarized in Table 1 . The A increased significantly at day 4 and in the following days both in the 2-D and 3-D condition. However, the A was smaller in the 3-D culture than in the 2-D. The S.I. in the all groups were nearly 1.0, indicating that isolated cell shape was almost spherical. The significant elongation was only observed at day 19 in the 3-D culture.
The fluorescent intensity of AFs and SM-MHC in the cells decreased gradually from day 0 to day 4 in static condition, especially in the 3-D culture: the intensity of AFs and SM-MHC in day 1 and 4 were significantly lower in the 3-D culture than in the 2-D (Fig.  5) . The intensity levels of AFs and SM-MHCs increased significantly in the following days in the 3-D culture. In contrast in the 2-D, the intensity decreased until day 8 and remained low in the following days. This indicates that long-term culture in 3-D condition restore the expression level of these contractile proteins. Figure 6 shows typical examples of 3-D morphology of FSMCs in the collagen gel obtained with confocal microscopy. The cells in static culture elongated and branched in the XY plane (Fig. 6a) . In contrast, the cells exposed to cyclic stretch aligned in the direction of stretch (Fig. 6b) . The cell orientation analysis revealed that the average angle of orientation of the cells decreased significantly after 4-day exposure to cyclic stretch, and the alignment in the stretch direction (0º) became more prominent with time (Fig. 7) . This indicates that the cells in the gels with cyclic stretch aligned preferentially in the stretch direction. Figure 8 shows the changes in the fluorescent intensities of AFs and SM-MHC of the cells exposed to cyclic stretch in 3-D culture. Similar data in static 3-D culture (Fig. 5) are plotted again for comparison. Although the expression of both AFs and SM-MHC of the cells decreased temporarily after 4 days of cyclic stretch, these were increased in 6 days, especially in SM-MHC, whose fluorescent intensity restored to the level of freshly isolated cells (Fig. 8b ). In static culture, the expression levels of AFs and SM-MHC in FSMCs decreased both in the 2-D and the 3-D culture condition until day 8 (Fig. 5) . In early stages of culture (before day 4), cell elongation occurred slowly in the 3-D culture (Fig. 4a, e) , and the expression levels were significantly lower in the 3-D than in the 2-D. The expression levels in the 3-D culture was similar to that of FSMCs that were suspended in the DMEM and cultured for 24 h in suspension culture dishes that do not allow cell adhesion: the normalized fluorescent intensities of AFs and SM-MHC in the suspension-cultured FSMCs were 1.43 ± 0.33 (n=43) and 0.58 ± 0.08 (n=43), respectively. These results may indicate that expressions of contractile proteins in FSMCs decreased until they spread and elongate sufficiently. Li et al. (15) reported that dedifferentiated synthetic SMCs (Passage 3-8) decreased their expression of α-smooth muscle actin when they cultured in type I collagen 3-D matrix for 24 h. They also showed that SMCs in the 3-D matrix had less actin stress fibers and focal adhesions than in the 2-D. This may indicate the decrease in the intracellular tension in 3-D culture in collagen matrix. Intracellular tension of FSMCs might have been decreased in the early stages of 3-D culture in this study, causing reduced expression of contractile proteins.
The long-term culture of FSMCs in the 3-D collagen matrix significantly increased the expression level of AFs and SM-MHC in 19 days. In contrast, the expression level remained low in the 2-D culture (Fig. 5) . The cell morphology was quite different between in the 2-D and the 3-D cultures, such that FSMCs had a flattened and irregular shape in the 2-D, whereas they had a fusiform shape with a well-defined long axis in the 3-D (Fig. 4) . It has been reported that airway smooth muscle cells plated on an ethanol-fixed, confluent monolayer of smooth muscle cells were spindle-shaped, and their shortening in response to contractile agonists was significantly larger than that of the cells flattened and spread on a conventional culture glass plate (16) . Thus these results indicate that the morphological changes in FSMCs from flattened to fusiform shape accompanied the increased expression of contractile proteins. Such morphological changes may be induced by the changes in the distribution of focal adhesion proteins connecting to ECMs and in orientation of actin filaments during the 3-D culture. It has been reported that tyrosine phosphorylation of focal adhesion kinase (FAK) modulates cellular tension to control actin and focal adhesion dynamics (17) . Thus the activation of FAK in FSMCs might also be different between in the 2-D and the 3-D culture conditions. Further increase of the expression level of AFs and SM-MHC was observed in the 3-D collagen matrix with cyclic stretch (Fig. 8) . Cyclic stretch also induced alignment of FSMCs in the gel to the stretch direction ( Fig. 6 and 7) , and the cell alignment was observed earlier than the increase of their contractile proteins. It is well-known that cells cultured on 2-D elastic substrate subjected to cyclic stretch align in the direction perpendicular to the stretch so as to minimize the strain applied to them (18) . In contrast in this study, the cells in 3-D collagen matrix aligned in the stretch direction in which they were exposed to maximum strain. When 3-D gel matrix is cyclically stretched, collagen fibers of the gels may be extended passively in the stretch direction, and this may cause orientation of the cells in the stretch direction through a contact guidance mechanism. In a previous study with 2-D culture condition, human patellar tendon fibroblasts that were oriented along the direction of the microgroove of elastic substrate expressed higher levels of α-smooth muscle actin when they were stretched in their longitudinal direction (19) . This indicates that cells exposed to cyclic stretch increased the expression level of intracellular contractile proteins when their long axis was parallel to the stretching direction. In such situation, actin stress fibers in fusiform shaped FSMCs in the gel matrix might align in the long axis of the cells, and are exposed continually to maximum cyclic tensile strain. It can be hypothesized that the expression of contractile proteins of FSMCs may be increased effectively at in vivo level when their stress fibers are continually exposed to cyclic tensile strain. Future studies are necessary to clarify the dynamics of actin stress fibers and focal adhesion of the cells cultured in the gels during cyclic stretching. We used the type I collagen gel whose elastic modulus were quite similar to that of cultured synthetic SMCs (2.6 kPa (20) ), but it was significantly lower than that of FSMCs (~11 kPa (20) ). A recent study reported that elastic modulus of culture substrate affect stem cell differentiation, and muscle transcription activation was upregulated when the elastic modulus of substrate was ~10 kPa (21) which was pretty close to elastic modulus of FSMCs.
Thus it is possible that the expression level of contractile proteins of FSMCs may increase more remarkably when the cells cultured in the gels whose elastic modulus is similar to that of FSMCs. It has been pointed out that cellular prestress generated by actin stress fibers contribute to regulate intracellular signal transduction (22, 23) . The changes in mechanical properties of extracellular matrix may affect the prestress of the cells adhering to the matrix. To study the mechanism of phenotypic changes of SMCs in more detail from mechanical point of view, measurement of intracellular stress distribution in 3-D culture condition must be a key to future studies.
